Droughts are major weather-driven natural disasters that encompass large areas. Droughts can occur everywhere, including water-rich areas, due to occasional anomalies in climatic variables. The impacts of drought events with similar intensity and duration can largely vary, depending on socioeconomic and environmental characteristics of the affected regions. Around the world, drought losses have significantly increased in recent years, for a range of reasons, including nonclimatic factors ([@r1], [@r2]). Enhanced drying has been observed and projected over many land areas under warming climate, due to increasing atmospheric concentrations of greenhouse gases ([@r3][@r4]--[@r5]). The direction of observed increase in global aridity is consistent with model-based projections ([@r3]). Since 2010, frequent and severe drought events in southern China, a region considered to be humid, have been given much attention and have resulted in national enhancement of drought research. Previous studies reported that significant dryness trends detected in the transitional belt of humid and arid climate regions in China for the last half-century and the reduction in regional precipitation play a major role in a changing pattern of drought intensity and duration ([@r6][@r7]--[@r8]).

With expected increases in severe and widespread drought events in the 21st century ([@r3], [@r9]) and further strong growth in the gross domestic product (GDP), more assets will be exposed to the impacts of droughts, which will eventually lead to higher drought losses in the future. To reduce the risk and impacts of a warming climate, the Paris Agreement proposes to hold the increase in global mean temperature to well below 2.0 °C above preindustrial levels and to pursue efforts to limit the warming to 1.5 °C ([@r10]). Most projections agree that the warming rate of China will be faster than the global mean ([@r11]) and the country might be seriously threatened by global warming-induced disasters. Existing studies in China focus mainly on projections of drought characteristics, with the estimation of drought losses being largely determined by changes in the physical drought parameters. To date, the inclusion of different shared socioeconomic pathways (SSPs; ref. [@r12]) into a multiscenario approach of loss estimation has not been applied for drought projections over China. Hence, in our study, we project future drought losses in China by applying an approach consisting of multimodel scenario-comparison analyses and event-based loss estimation using two drought indices, namely the Standardized Precipitation Evapotranspiration Index (SPEI) and the Palmer Drought Severity Index (PDSI).

Projected Changes in Dryness Patterns {#s1}
=====================================

In this study, future characteristics of climate change impacts are analyzed using 22 ensemble runs from 13 global climate models (GCMs) in CMIP5 (Coupled Model Intercomparison Project phase 5): GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, NorESM1-M, CNRM-CM5, CanESM2, GFDL-CM3, GFDL-ESM2G, IPSL-CM5A-MR, MIROC-ESM, MIROC5, and MRI-CGCM3. Two representative concentration pathways (RCPs) are considered, i.e., RCP2.6 and RCP4.5, which are the most appropriate scenarios for the Paris Agreement's target of keeping the global warming below 1.5 °C or 2.0 °C compared with preindustrial times. Global surface mean temperature in 1986--2005 was 0.61 °C warmer than the preindustrial levels ([@r11]), and further increase of 0.89 °C or 1.39 °C, respectively, indicates global warming by 1.5 °C or 2.0 °C. Using a multimodel median, projections for 20-y intervals were estimated when the average global warming reaches the 1.5 °C and 2.0 °C thresholds, respectively, under RCP2.6 and RCP4.5. It is estimated that the 1.5 °C warming threshold would be reached in 2020--2039 under RCP2.6 and the 2.0 °C in 2040--2059 under RCP4.5 ([@r13]).

The models project tendencies of precipitation increase for both the 1.5 °C and 2.0 °C global warming levels in the whole of China, with higher model agreement at the northern regions ([Fig. 1 *A* and *E*](#fig01){ref-type="fig"}). The increasing trend is agreed by more than 66% of GCM runs for 80% and 96% of grids over China at the 1.5 °C and 2.0 °C warming, respectively. Considerably more significant precipitation increases are projected for the period 2040--2059, demonstrating a positive correlation between precipitation and temperature for the next decades.

![Projected changes in precipitation (*A* and *E*), potential evapotranspiration (*B* and *F*), drought conditions of the SPEI (*C* and *G*), and the PDSI (*D* and *H*) by multimodel median for the 1.5 °C and 2.0 °C warming scenarios (corresponding to periods of 2020--2039 and 2040--2059, respectively) relative to the reference period (1986--2005) over China. The significance of the changes was tested with the two-sample *t* test at the 0.05 significance level. The similarity among the 22 GCM runs is given for the 90∼100% and 66∼90% (/) agreement level. Polygons denote subregions (defined in [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)) in China.](pnas.1802129115fig01){#fig01}

Significant increases in potential evapotranspiration are projected throughout China for both target periods ([Fig. 1 *B* and *F*](#fig01){ref-type="fig"}). The positive changes in evapotranspiration are more significant for the 2.0 °C warming period of 2040--2059, in the parts of North, Northwest, and Southwest China than those at the 1.5 °C warming. Compared with precipitation, evapotranspiration increase is more obvious in southern China as a whole. The increasing trend is consistent for most GCM runs for 85% and 98% of grid cells over China at the 1.5 °C and 2.0 °C warming scenarios, respectively.

Drought conditions can be assessed from different meteorological, hydrological, and socioeconomic aspects, so that decision on the choice of drought indices is needed ([@r14][@r15]--[@r16]). A simple and commonly used index, the Standardized Precipitation Index (SPI), allows the direct comparison of precipitation anomalies among different climatic regions. Nevertheless, it is widely acknowledged that evapotranspiration plays a major role in the generation of droughts in the warmer world ([@r4], [@r17]). Hence, two other drought indices are used to address the long-term characteristics of dryness and wetness in current study. The SPEI (cf. refs. [@r18] and [@r19]) takes precipitation, temperature, and evapotranspiration into account and thus represents a simple climatic water balance. The PDSI (cf. refs. [@r20] and [@r21]) takes precipitation, evapotranspiration, and available water storage capacity as input to compute a water balance for area of interest.

With regard to the reference period, dryness in most of southern China is identified consistently by both the SPEI and the PDSI indices in the warming climate. According to SPEI, large areas in Northeast and North, some parts of East, Central, and Southwest China might be in wetter conditions, but vast areas of western and southern China will be drier at the 1.5 °C warming level. Percentages of area getting wetter and drier will be about 39% and 61%, and the changes are significant at 7% and 36% of the entire territory of China. Nearly 75% of the area of China will be getting drier and, for 51% of the area, change is projected to be significant at the 2.0 °C, whereas wetter conditions will be in Northeast, small fractions of North, Northwest, Southwest, and East China ([Fig. 1 *C* and *G*](#fig01){ref-type="fig"}). A comparatively weaker drying trend is estimated by PDSI, which shows significant wetness in large parts of northern China, except for parts of Northwest and Northeast regions. Meanwhile, at least 66% of GCMs at both the 1.5 °C and 2.0 °C warming agree on significant increase of dryness conditions projected by PDSI in southern China. About 40% and 37% of the country area are projected to get drier, with a significant decrease at 25% and 27% of the area for the 1.5 °C and the 2.0 °C, respectively ([Fig. 1 *D* and *H*](#fig01){ref-type="fig"}).

Projection of Droughts {#s2}
======================

A spatial-temporal drought event is usually characterized by its duration, intensity, and contiguous areal coverage ([@r8], [@r22], [@r23]). In this study, we define a drought event as occurring if the SPEI ≤ −1 (or the PDSI ≤ −2) at the area exceeding 50,000 km^2^ ([*SI Appendix*, Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)), because events with such thresholds usually lead to considerable economic losses ([@r24]).

For the period of 1986--2005, average intensities of GCM-simulated drought events over China as deduced by the SPEI and PDSI fluctuate around −1.83 and −3.6, respectively, indicating severe dryness. Higher intensities are projected with the climate warming. The average drought intensity, determined by the SPEI, will further increase to −2.10 and −2.25 at the 1.5 °C and the 2.0 °C warming level, respectively, and that by the PDSI, will reach −4.0 and −4.2, indicating extremely dry conditions. Large-area droughts with more than 2 million km^2^ coverage are projected to have slightly lower average intensities than small-area droughts ([Fig. 2 *A* and *C*](#fig02){ref-type="fig"}).

![Averaged drought intensity at different contiguous drought areas (*A* and *D*), averaged coverage of drought events (*B* and *E*), and annual frequency of drought events with different coverage (*C* and *F*) in China for the 1.5 °C and 2.0 °C global warming period and the reference period (1986--2005). Drought characteristics in *A*--*C* and *D*--*F* are deduced by the SPEI and PDSI, respectively. Shadows and lines in *A* and *D* are the bands and median, respectively, for 22 GCM runs. Histograms and black vertical lines in *B* and *C* and *E* and *F* denote the median and range of multimodel projections, respectively.](pnas.1802129115fig02){#fig02}

Along with intensities, contiguous area of drought events for both warming levels will also increase. The average drought event area for the SPEI index criterion is ∼608,300 km^2^ for the reference period, projected to increase to 709,400 km^2^ and 880,800 km^2^ for the 1.5 °C and the 2.0 °C warming, respectively, i.e., an increase of 16.6% and 44.8%. Meanwhile, increase in average drought coverage from 475,900 km^2^ for the reference period to 486,500 km^2^ and 518,200 km^2^ by a rate of 2.2% and 8.9% is estimated for the PDSI index, for the 1.5 °C and the 2.0 °C level, respectively ([Fig. 2 *B* and *E*](#fig02){ref-type="fig"}).

In contrast, total frequency of drought events is projected to increase slightly for both the 1.5 °C and 2.0 °C warming scenarios, compared with the reference period. Small-area droughts are projected to decrease in frequency, but larger drought events with an area greater than 500,000 km^2^ will likely occur more frequently for the SPEI index. However, for the PDSI index, frequencies of drought events with different coverage are all projected to increase ([Fig. 2 *C* and *F*](#fig02){ref-type="fig"}).

Spatially, as indicated by SPEI, drought frequency for the 1.5 °C warming level is projected to decrease slightly in Northeast and Central China. The decreasing trend extends into the 2.0 °C warming level in the Northeast region, while drought frequency increases in most other regions. As for the contiguous drought area, all regions show persistent increasing trends in the future, with the strongest increase in Northwest China, followed by North, Northeast, and South China. Drought intensities also increase consistently in all regions until 2040--2059, while a stronger increase is projected in Northwest, North, East, and Southwest China. According to the PDSI, regions with increased drought frequency are mainly found in Northeast, East, and Southwest China, and increased drought areas are projected to occur in East, South, and Northwest China in the warming climate. To sum up, it was projected that droughts would be more intense throughout China with increased occurrence in East and Southwest regions and larger areal coverage in East, South, and Northwest regions under the warming scenarios, relative to the reference period for both the SPEI and PDSI, but drought severity is projected to be greater for SPEI ([Fig. 3](#fig03){ref-type="fig"}).

![Percentage change of annual frequency, areal coverage, and intensity of drought events resulting from multimodel median for two levels of global warming (1.5 °C and 2.0 °C), in comparison with the reference period (1986--2005) in seven subregions in China as indicated by the SPEI (*A*) and the PDSI (*B*), respectively.](pnas.1802129115fig03){#fig03}

Event-Based Estimation of Drought Losses {#s3}
========================================

Assumption of a fixed population or an economic status for a historical period is usually made to study the future impacts of a changing climate ([@r25]). However, an adequate assessment of climate change impacts must take future socioeconomic development into account, as the economy and the population will be exposed to increasing risk of climate disasters. To this end, five shared socioeconomic pathways (SSPs) have been projected to represent different climate change strategies for mitigation and adaptation. The SSPs include a sustainable world (SSP1), a pathway of continuing historical trends (SSP2), a strongly fragmented world (SSP3), a highly unequal world (SSP4), and a growth-oriented world (SSP5) ([@r26]). Among combinations of different greenhouse gas concentration trajectories and socioeconomic pathways, some SSP-RCP combinations are unlikely to occur, e.g., SSP3-RCP2.6 and SSP1-RCP8.5 ([@r27]). Considering the socioeconomic challenges to mitigation by different development roads, the RCP2.6 scenario is associated with SSP1 and SSP4, while the RCP4.5 scenario is associated with the other three SSPs (SSP2, SSP3, SSP5).

For the reference period of 1986--2005, average annual drought losses in China amounted to about 4.2 billion US dollars (USD), or 0.23% of the national GDP ([*SI Appendix*, Table S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). With the accelerated increase of GDP and improved adaptation capacity, the share of drought losses to GDP decreased to 0.16% in 2006--2015 with a minimum of 0.04% in 2012 ([@r24]). Future drought losses are assessed based on the projected drought intensity by the GCM simulations, the estimated socioeconomic exposure under SSPs, and the "intensity-loss rate" curve changing with time. For setting up intensity-loss rate curve, the relationship between the percent of annual recorded direct economic losses on GDP exposed to drought events and the historical annual average intensity of drought events was established first, and was developed further, to reflect improvements in adaptation capacity in the future ([*SI Appendix*, Figs. S8--S10](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)).

Multimodel scenario-comparison analyses show that projected drought losses in a warming climate in China will be higher than those in the reference period, 1986--2005, and in the more recent interval, 2006--2015, with 44 combined results from the 22 GCMs and the two drought indices showing the same direction of change ([Fig. 4*A*](#fig04){ref-type="fig"}). A strong agreement from at least 30 results of 44 combinations for all SSPs indicate exceeding of the share of drought losses on GDP in the warming scenarios than that of the current status with higher probability ([Fig. 4*B*](#fig04){ref-type="fig"}).

![Drought losses (*A*) and their share of GDP (*B*) at the global warming 1.5 °C and 2.0 °C levels under SSPs in China. Probability in vertical axis represents percentage of results exceeding a given loss (*A*) or given loss' share of GDP (*B*) of 44 combinations of 22 GCMs and two drought indices. Dotted black lines denote the recorded annual mean losses and their share of GDP in reference period and current status. Confidence intervals (95%) of projected losses and their share of GDP are shown for different SSPs. Asterisk is the multimodel median.](pnas.1802129115fig04){#fig04}

In a sustainable world with effective mitigation and adaptation (SSP1) and with the global warming limited to 1.5 °C, drought-induced economic losses might reach ∼47 billion USD per year by median of 44 estimations from 22 GCM runs and two drought indices, with 95% confidence interval of 44--55 billion ([Fig. 4*A*](#fig04){ref-type="fig"}). This projected annual loss is about 10 times higher than for the reference period, while the increase in population and exposed economic assets is included. Taking this into account, the relation of losses to the projected national GDP seems useful. Accordingly, the projected annual average loss for a sustainable world (SSP1) at 1.5 °C warming is about 0.19% of the projected national GDP, lower than that for the reference period of 1986--2005 ([Fig. 4*B*](#fig04){ref-type="fig"}). In a highly unequal world of SSP4, not much difference is projected for GDP development in China before the mid-21st century ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)), estimated annual drought loss will only be slightly lower than for a sustainable world with absolute value of 46 \[95% confidence interval: 43--54\] billion USD ([Fig. 4](#fig04){ref-type="fig"}).

Based on a continuation of the historical trend pathway SSP2 and limiting the global warming to 2.0 °C scenario, the estimated annual drought loss will increase to 75 \[95% confidence interval: 68--84\] billion USD, which amounts to 0.21% of the projected national GDP of the corresponding period. In a strongly fragmented world SSP3 and the 2.0 °C target, drought loss will be about 61 \[95% confidence interval: 56--68\] billion USD, accounting for ∼0.21% of the GDP. In a growth-oriented world SSP5 of 2.0 °C, average drought loss is estimated to reach about 84 \[95% confidence interval: 77--95\] billion USD per year. This high figure reflects only 0.20% of the projected national GDP, due to the strong increase in the projected national GDP within SSP5. The annual average drought loss for the 2.0 °C warming level under the SSP5 is estimated to be 20 times of that in the reference period 1986--2005 and 1.8 times of that in the 1.5 °C warming level under SSP1 or SSP4, respectively ([Fig. 4](#fig04){ref-type="fig"}).

With increasing drought hazards and expected economic development across China, drought losses are projected to reach more than 80 billion USD, being higher by more than 30 billion USD in the 2.0 °C warming scenario under the growth-oriented world of SSP5 compared with that of 47 billion in the 1.5 °C warming scenario under the SSP1. Annual growth of GDP under pathways SSP1 and SSP5 are projected to be around 773 and 656 billion USD, respectively ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). That is, nearly 6.1% of the increase of GDP per year in the 1.5 °C warming world might be offset by drought losses, and the percent will increase to 12.8% in the 2.0 °C warming world.

Discussion and Conclusions {#s4}
==========================

To evaluate climatic drought, many indices have been developed to describe variation of dry and wet episodes. The SPEI is designed to compare the evaporative demand by the atmosphere with the water availability, while the PDSI tried to represent the true water balance of the soils ([@r19]). Findings from the PDSI in our study are in line with regional results from a global-scale study by Sheffield et al. ([@r28]), who applied PDSI_PM that takes into account changes in available energy, humidity, and wind speed as we did in our study, and results from Wang et al. ([@r29]), who applied soil moisture condition as an indicator. Since PDSI depends on the current water availability, drought conditions assessed by the PDSI are less severe than the SPEI. Droughts in 1984--2015 in China, characterized by the PDSI, show a nonsignificant aggravation trend, but a significant dryness trend is detected by the SPEI ([*SI Appendix*, Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). Especially in arid and semiarid climate regions, where annual precipitation is below 400 mm with a vast of area even less than 200 mm, a dryness trend is detected by the SPEI, but a weak wetting trend is found when the PDSI is examined. Note that the correlation between the PDSI and drought losses is found to be nonsignificant in arid and semiarid climate regions in China ([*SI Appendix*, Fig. S5 and Table S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)).

Besides for the SPEI and PDSI, which are widely used for agro-climatological analysis ([@r18], [@r30]), precipitation-based meteorological index SPI is often used to monitor moisture supply conditions ([@r31]). Comparison of time series of SPEI, PDSI, and SPI in China with that of recorded drought losses for 1984--2015 proves that variation of SPEI related closely to the changes of drought losses. A weak correlation between the SPI and drought losses means that not only precipitation but also evapotranspiration and soil moisture play major roles in regional drought development. However, biases in estimation of potential evapotranspiration (PET) under anthropogenic climate change could cause overestimation of drying trends ([@r32], [@r33]). Comparison with the evapotranspiration directly from the climate models at nonwater-stressed condition shows that Penman-Monteith--based analysis is a fair PET estimation method for studying droughts over all of China ([*SI Appendix*, Tables S2 and S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)).

Under the 1.5 °C global warming scenario, increasing trends of evapotranspiration and precipitation are projected in entire China, but a consistent drying trend is estimated both by SPEI and PDSI mainly in southern China and parts of Northwest China. A few regions in Northeast, North, and Southwest China show trends toward wetter conditions, caused by a stronger impact of increases in precipitation than in evapotranspiration. For an additional 0.5 °C global temperature increase, further intensification of droughts is projected in parts of East, Central, South, Northwest, and Southwest China, with a more pronounced rise in evapotranspiration, leading to more severe dryness conditions ([Fig. 1](#fig01){ref-type="fig"}). Considering that the sensitivities of these indices to climate change are different, drought conditions for the 1.5 °C and the 2.0 °C warming levels, deduced by SPI, are also projected to clarify the differences. According to the SPI, averaged coverage and frequency of drought events will decrease due to the increased precipitation in the warming world, but drought intensity is projected to increase for the 1.5 °C and 2.0 °C levels relative to the reference period ([*SI Appendix*, Fig. S11](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)).

It becomes clear that absolute drought losses in China will increase under every projected socioeconomic pathway. Along with rapid growth of the socioeconomic conditions, drought losses by the SPI will more than double the observational records in the warming world, but being obviously lower than by other two indices. By the SPEI and PDSI, drought losses will more than triple the records, with more losses for the 2.0 °C target than for the 1.5 °C ([*SI Appendix*, Fig. S13 and Tables S6 and S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). The huge increase of losses from droughts by the SPEI and PDSI is due largely to rapid development of future economy, but still attributable to the projected regional dryness trend. Drought losses in the warming climate, for the 1.5 °C and 2.0 °C warming levels, under the assumption of fixed GDP at the year 2010 level, are projected to be, respectively, 48--52% and 58--70% higher than for the recent interval of 2006--2015 ([*SI Appendix*, Table S8](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)).

In relation to loss share on the national GDP, a significant decreasing trend was recorded in the recent decades from 0.23% in 1986--2005 to 0.16% in 2006--2015 due to the rapid increase of national GDP. However, the trend was projected to reverse in the future, with this share gradually increasing under the warming climate and possibly approaching the level of the reference period in the 2.0 °C scenario, taking improved adaptation capacity into account. Keeping the increase in global average temperature less than or equal to the 1.5 °C above the preindustrial level can reduce the drought losses almost twofold in China, by several tens of billions of USD ([*SI Appendix*, Table S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). Case of drought risks in China presents a clear argument to focus efforts on mitigation, so that the 1.5 °C warming limit is not exceeded.

Data and Methods {#s5}
================

Climatic and Socioeconomic Data. {#s6}
--------------------------------

Climate projections are based on available ensemble runs by GCMs from CMIP5 ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). Altogether 22 simulations from 13 models, namely GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, NorESM1-M, CNRM-CM5, MIROC-ESM-CHEM, CanESM2, GFDL-CM3, GFDL-ESM2G, IPSL-CM5A-MR, MIROC-ESM, MIROC5, and MRI-CGCM3, are found to meet the research requirement for calculation of potential evapotranspiration for historical period and future period under RCP2.6 and RCP4.5 scenarios. The GCM outputs were bias-corrected, based on observational data by Equidistant Cumulative Distribution Functions (EDCDF) method and downscaled statistically to a regular geographical grid with a 0.5° resolution by the spatial disaggregation (SD) method. The bias correction and statistical downscaling lead to an improvement of GCMs in reproducing the observed spatial pattern and long-term average of climatic variables ([*SI Appendix*, Figs. S2--S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)), and thus, intensity of drought events can be also well captured by GCMs ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)).

Observational gridded dataset of climate variables (daily precipitation, temperature, relative humidity, wind speed, shortwave radiation estimated by the sunshine duration) with 0.5° resolution used as a reference in the downscaling method is constructed in the National Climate Center of China Meteorological Administration based on nearly 2,400 ground-based stations in China by means of the "anomaly approach" method ([@r34]).

County-level socioeconomic data for 1984--2015 in China stem from the China Statistical Yearbook ([@r35]). The data are interpolated into a geographical grid corresponding to the 0.5° resolution of the GCM's outputs using the area-weighted interpolation method. Provincial scale GDP in China under SSPs for 2010--2060 is projected by Cobb--Douglas production model with regionalized parameters, including labor force, total factor productivity, and capital stock. The latest universal two-child policy in China is fully considered for labor force projection, and initial information on fertility, deaths, migration, total factor productivity, and capital stock, are from the latest demographical and economic census. The parameterization scheme for SSP1--5 is followed in refs. [@r12] and [@r36]. To maintain the homogeneity of the data series, GDPs recorded in 1986--2015 and projected in 2010--2060 are standardized to 2015 prices ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). Gridded GDP for the period 2010--2060 is derived by scaling the provincial GDP projections to 0.5° resolution, based on the weights of individual grid cells to the entire provincial GDP, which are deduced from the observational period ([@r37]).

Droughts and their direct economic losses are recorded once an event with coverage ≥50,000 km^2^ and duration ≥20 d happened in any province from 1984 to 2015 ([@r24]). The datasets are checked and ratified by Ministry of Civil Affairs and National Committee for Disaster Reduction in China with data from several sectors, including China Meteorological Administration, Ministry of Agriculture, Ministry of Water Resources, and National Bureau of Statistics.

Identification of Drought Events. {#s7}
---------------------------------

Drought events are identified according to the SPEI, PDSI, SPI, and the cluster analysis method. The SPEI approach proposed in ref. [@r18] is the standardization of the difference between precipitation and potential evapotranspiration, while the SPI developed in ref. [@r31] is used to quantify the precipitation deficits or surpluses only. The self-calibrated PDSI ([@r20], [@r21]) is based on the supply and demand model of soil moisture. In this study, potential evapotranspiration in both the SPEI and PDSI is deduced with the Penman--Monteith equation ([@r38]), as recommended by the Food and Agriculture Organization (FAO). Available water holding capacity required for the PDSI actual evapotranspiration is provided by the Potsdam Institute for Climate Impact Research using the FAO digitized soil map ([@r39]). For detailed information on the way of potential and actual evapotranspiration calculation, see [*SI Appendix*, SI2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental). Parameters included in calculation process of the drought indices are estimated in the reference period and then used in the future to make sure that the dryness or wetness conditions in the warming levels are based on the status in the reference period.

Drought indices are calculated for a monthly time scale at each grid. Dryness is diagnosed once SPEI ≤ −1, PDSI ≤ −2 or SPI ≤ −1, and the lower the value of SPEI, PDSI, or SPI, the more severe the dryness condition ([*SI Appendix*, Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). A cluster analysis method is used to identify the drought events ([@r8], [@r22], [@r40], [@r41]) by determining the drought center (grid with maximum intensity) first and then clustering all neighboring grid cells that fit the drought criteria of SPEI ≤ −1, PDSI ≤ −2, or SPI ≤ −1. Summed area of clustered grids is the areal coverage of a drought event, and averaged value of drought indices over the summed area is the intensity of a drought event ([*SI Appendix*, SI3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). As the drought events and losses recorded in the meteorological disaster yearbook of China only refer to events covering an area larger than 50,000 km^2^, drought events of a smaller spatial scale are not considered in this study.

Intensity-Loss Rate Function. {#s8}
-----------------------------

To estimate the losses caused by drought events of different intensities, the intensity-loss rate curves are set up for each province in China based on the direct economic losses of droughts during the period 1984--2015, which are recorded in the yearbook of meteorological disasters in China ([@r24]). For each province, the drought intensity is averaged for all drought events per year. The loss rate is the ratio between annual drought losses and GDP in drought areal coverage in a province. For reflecting the improved adaptation capacity to cope with meteorological disaster in the future, the slope of the intensity-loss rate curve is designed to change together with socioeconomic condition ([*SI Appendix*, SI6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802129115/-/DCSupplemental)). The intensity-loss rate, combined with future drought exposure and projected drought intensity, is used for the estimation of future drought losses.
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